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SUMMARY

As a part of an investigation of the effective thermal conductivities
of powders, this study was undertaken to determine the effective conduc-
tivity of uranium oxide U0, powder with a density of 59.5 percent of the
density of the solid uranium oxide st temperatures between 200° and
1500° F. Helium, argon, and nitrogen gases and mixtures of helium-argon
and xenon-krypton gases were Iintroduced into the powder vold, and the
experimental effective thermal conductlvitlies of the ges-powder mixtures
were determined. All tests were performed at a ges pressure above the
breskaway pressure, where the thermal céonductivity is independent of
pressure. '

A method for determination of the relative thermal conductivity of
the solid was devised from knowledge of the effective conductivity of
the powder and the conductivity of the gases used in the two-phase sys-
tem. This method was applied to the uranium oxlide used in this investi—
gation to determine its relative thermal conductivity through the 200°
to 1500° F temperature range.

INTRODUCTION

Previous investigations of the thermal conductivities of magnesium
oxlde and stainless steel powders in various monatomic gases have resulted
in a posslble method of predicting the effective thermal conductivity of
a gas-powder mixture from the properties of the solid and the gas (ref.
1). In reference 2, the effective thermal conductivity of uranium oxide
with 2 void fraction of 0.37 was determined for helium and argon gases
through the temperature range 200° to 1250° F. This investigation was
proposed to obtaln effective thermsl conductivities for uranium oxide
with a void fractlon of 0.405 for xenon-krypton and helium-argon gas
mixtures as well as helium, argon, and nitrogen gases. The temperature
range wes expended to 200° to 1500° F. :
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The test section was constructed by the NACA Lewis laboratory and
filled with the urenium oxide powder by the General Electric Company.

EXPERIMENTAL INVESTIGATION
Apparatus

The apperatus used in this Investigation 1s essentially the same as
that described in reference 1 (fig. 1). Minor alteratioms, which ere
described in the following paragraphs, were incorporated into the. design
of the test sectlon.and the enclosing gas chamber.

Test sectlon. - The test section consisted of two concentric tubes
separated by the uranium oxide powder. The inner ceramic tube was heated
electrically by a carbon rod, and the outer monel metal tube was cooled
by convection.

The inner ceramic tube, with the wound end heaters and the platinum -

platinum rhodium (10 percent) thermocouples stretched through the powder,

was held in position by poured ceramic end plugs instead of machined digks

as described in reference 1. The 1/4-inch- diameter filling tube and the
end heater leads were brought out through these end plugs.

The thermocouple wires were coated with an insulating cement to
electrically insulate the thermocouples from the uranium oxide powder. .
Because the added cement coating displsced a considerable portion of the
usable powder volume, four groups of four, instead of five, radially
positioned Junctions were located In approximately equal increments
across the central plene. The end heaters and the ceramic tube thermo-
couple leads were also cement-coated to eliminaste the possibility of
short-circuiting through the powder. -

The main heating element, & l/4-inch-diameter carbon rod, was in-
serted through the hollaow ceramic tube case of the test section. Copper
terminal blocks located at each end ocutside the test sectlion 1nsured
propexr electrical contact. Platinum end heaters were employed in con-
Junction with the carbon rod to prevent heat losses at the ends.

Gas chamber. - Thermocouple and electric power leadg from the ends
of test section were brought through the gas chamber wall by means of
fittings that employed the crushing sction of soapstone cones arcund the
wire leads to effect a high pressure seal. The flange ends were sealed
by a rubber O-ring recessed into a channel on the water- jacketed gas
chamber.
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* Procedure

The test section was filled through the filler tube with uranium
oxlde powder and vibrated intermittently with additions of powder for

approximately l% hours. This procedure was repeated until the section

was completely filled and packed to the maximum density. The density
of the powder was calculated as 59.5 percent of the density of the
solid urenium oxide (density of solid UOp assumed to be 10.7 g/cc),

glving & vold volume in the test section of 40.5 percent. The particle
sizes of the powder are given in table I.

The positions of the thermocouple Jjunctions distributed through
the powder were measured from X-ray photogrephs of the test section
after it was filled. Deta were obtained for helium, srgon, and nitrogen
gases and mixtures of helium-argon and xenon-krypton gases over a range
of average powder temperatures and pressures given in the following
table:

Gas® Pressure, Temperature,
1b/sq in. abs op

Helium 59.3 to 136.9|226 to 1124
Argon 44.3 to 94.4[195 to 1450
Nitrogen 49.3 to 83.3(339 to 1161
Xe/Kr, 4.898/18.78 to 74.3|235 to 1400
He/A, 1.857 |47.3 to 84.3|225 to 1014
He/A, 0.953 [39.4 +to 96.3[169 to 875
He/A, 0.333 [46.3 to 84.3|215 to 1062

&Gas mixtures given as volumetric ratio.

The method of obtailning the dats 1s presented in reference 1. Only
the portlon of the power input to the carbon rod between the end heaters
was used in thermal conductivity calculations of the powder. Continually
higher temperature runs were made after cross-checking the lower temper-
atures untill the thermocouples failed.

Reduction of Experimentael Data

The derivation of equations used in calculating vaelues of thermal
conductivity of the powder from the experimental data may be found in
reference 1, together with a correction method for the eccentricity of
the tube. Thermal conductivities of the gases and gas mixtures used in
this investigation are given ,in figure 2 using datae from references 3 to
5. Calculations of the conductivity of the ges mixtures were based on
the Enskog equation (ref. 4) for the thermal conductivity of a binary
mixture of gases. TFor the xenon-krypton mixture, this equation reduces to
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Kxe ke (4.898) = 9-0978 K + 0.842 kie + 0.1265 (kKrkxe)l/z (1)

Three mixtures of helium and argon gases were studied with heliumi-
argon ratlios of 1.857, 0.953, and 0.333. The conductivities of these
gas mixtures were calculated 1n the same manner as the xenon-krypton
mixture and were plotted in figure 2(a). Equations for the thermsl con-
ductivity of these mixtures are

Kpe /A (1.857) = 0-563 kg, +0.3515 ky + 0.0583 (kgoky)1/2  (2)

0.398 k__ + 0.491 k, + 0.0609 (kHekA)l/2 (3)

*ge/a(0.953) = He A
Khe/A(0.333) = 0.186 k_ + 0.736 k, + 0.0428 (kﬂekA)l/z (4)

RESULTS AND DISCUSSION
Experimental Effectlve Conductivities

The experimental values of the effectlve thermal conductivity of ..
uranium oxide powder between 200° and 1500° F.in an atmosphere of vari-
ous gases and gas mixtures are presented 1n figure 3. The void fraction
occupled by the gas wes 0.405 in all runs. Inasmuch as the effective
thermal conductivity of the gas-powder mixture varles somewhat at lower
gas pressures, depending on the temperature, the characteristics of the
gas, and the relative dimensions of the gas space (as was shown to be

true in ref. 1), all data presented .were obtained at pressure levels high

enough for conductivity to be 1ndependent of pressure. Determination of
the magnitude of these pressure levels is subsequently discussed.

Thermal conductivities of uranium oxide powder in argon, nitrogen
and helium are plotted in figure 3. The thermal copductivity of the
powder in argon and helium increasses to a maxlmum with temperature in
much the same menner as that of the uranium oxide powder with a vold
fraction of 0.37 presented in reference 2. The effective conductivity
of the powder in nitrogen exhibits a slight decreage to a minimum value
with an increase in temperature. Only six data points were determined-
using thile gas, in view of the possibliity of reduction of the powder
at elevated temperatures.

In figure 3(b), the varistion of the effective thermal conductivity
of uranium oxide powder with a xenon-krypton gas mixture (retio 4.898:1)

3538
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in a temperature range from 200° to 1500° F has been plotted from the
data. A reference plot, that of figure 2(b), has been inserted to
facilitate comparison of the conductivities of the xenon~krypton gas
mixture to the conduectivities of the two gases.

Three mixtures of helium and argon gases were studied with helium-
argon ratios of 1.857, 0.953, and 0.333 (fig. 3(a)). The effective con-
ductivities of the powder with the helium-argon gas mixtures follow the
characteristle effective conductivities for the powder with the component
gases. Above 500o ¥, the effective thermal conductivity of the powder
with helium and srgon gases and gas mixtures appears to be independent
of temperature. Effective thermsl conductivity for temperatures greater
than 500° F is plotted against argon-helium mixture composition in fig-
ure 4. A linear relation appears to exist between the experimental effec-
tive thermal conductivities and helium-argon gas mixture composition.

In this investigation, the temperatures of the uranium oxide powder
reached values 200° F higher than the temperatures obtained for the same
powder with a vold fraction of 0.37 investigated in reference 2.

Effect of Pressure on Conductivity

The effect of gas pressure on the effective thermal conductivity of
a gas-powder mixture was shown in reference 1, by using the kinetic
theory of gases, to be & function of the Knudsen number (the ratio of
the mean free path of the ges molecules to & characteristic dimension
of the gas spaces). Because the size of the gas spaces is of the same
order of megnitude as the size of the particles, the characteristic
dimension is taken as the welghted mean sieve size of the particles, and
is calculated from the data in table I, resulting in 0.0002717 foot for
the uranium oxide powder. The predicted pressure (breskaway pressure)
below which the effective thermal conductivity begins to vary apprecidbly
is given by the followlng equation from reference 1:

Dy = 177010724 h (5)
8 ZS

where

p, breskaway pressure, 1b/sq £t abs

t ges temperature, °R

8 molecular dlsmeter determined from viscosity, £t

ZS weighted mean sleve size required to retain particles, ft
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The constant 1n thls equation was obtained from experimental data

1n feet is 7.22x10710 5o
-10

in reference 1. The molecular diameter s r

helium (ref: 6), 9.45x1071° for argon, 10.33x10

12.11x10™C for krypton, and 13.19x10™° for xenon (ref. 7). The
molecular diameters for the mixtures were calculated, based on the
mole fraction n +through the addition of hlsl and n,8,, a8 shown

for nitrogen,

in the following table:

11z np ) 118y D585 Cmixture
Xe [Kr [0.8305 [0.1695 [10.954x10-10| 2,053x10-10{13.007x10-10
HelA | .650_| .350 | 4.693 3.308 8.001

HelA | .4885| .5115] 3.527 4.834 8.361

He|A | .250 | .750 | 1.805 7.088 8.893

From equation (5) and the constants given in the preceding teble, the
breakaway pressure was calculated for each gas and gas mixture through
the temperature range 200° to 1500° F. The pressure of the gas in the .
test section was maintalned above this calculated value for all rums in
this investigation.

Calculation of Relative Thermal Conductivity of Solid Uranium Oxide

The effective thermal conductivity of a gas-powder mixture has been
shown in reference 1 to depend principally on the thermel conductivity of
the gas, the thermal conductivity of the solid, and the void fraction of
the powder. Therefore, if a powder is packed to & fixed density or wvoid
fraction, the resulting effective thermal conduetivity k.pp 1s a func-

tion of the thermal conductivities of the gas kg and the solid kUOz’

or, for thils investigatiom,

eff Xyo,
P s (6)

Figure S(a) is a plot of keff/kg against the conductivity of the gas

for the uranium oxide powder used in this investigation through a tem-
perature range of 200° to 1500° F. Values for this plot were obtained
from the faired curves of figures 2 and 3.

3538
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From eguation (6), for a constant value of keff/kg: kaz is pro-

portional to kg. To obtain the relative effect of temperature on the

thermal conductivity of the solid from this proportionality, an arbitrary
reference temperature must be assumed. Consildering 600° F a reference
temperature, it follows that, for equal values of kepe/kg»

e, *uo,

= (7)
kg,600 U0,,600

From figure 5(a), values of kg &t temperatures from 200° to 1500° F
were obtained for constant values of keff/kg, Using a reference tem-

perature of 600° F, values of kg from figure 5(a), and equation (7),
the relation of kaz/kUOZ,soo to temperature T was plotted (fig. 5(b))

for four values of keff/kg' One curve can be drawn which represents
all fixed values of keff/kg- This was to be expected, since the con-

ductivity of the solid should be a function only of the temperature.
The negative slope of this curve suggests that the thermal conductivity
of s01id uranium oxide decreases with increasing temperature. This
variation is in agreement with previous observations in reference 2.

Since figures 2, 3, and 5(b) glve the conductivity of the gases,
the effect conductivity of the powder, and the relative conductivity
of the solid, & plot of kepp/k, sgainst kyg,/kg 88 suggested by

their relastion in equation (6) night be possible if the thermsl con-
ductivity of the solid uranium oxlde of this experiment at some ref-
erence temperature was known. In the absence of this information,
keff/kg (from experimental date, fig. 3, and kg, from fig. 2) was

plotted against .kUOZ/kg(kUOZ,GOO) for corresponding temperatures in

figure 6(a). The gbscissa may be altered to any desired reference tem-
perature by dilviding by the ratio kaz,T /kaz,GOO from figure 5(b)
for that temperature T.. T

It was noted in reference 2 that for two test conditions using an
identical meterial and gas at identical temperatures but different void
fractiong, the effective thermal conductivities of the gas-power mixtures
tend to have lower values for greater void fraction. From the data of
reference 2 on the effective conductivity of uranium oxide (void fraction
0.37) figure 6(b), which corresponds to figure 6(a), was developed from
the knowledge of the relative thermal conductivity of solid uranium oxide.
Though the data for both of these plots deviete slightly from any single
curve relation, it may be geen that the effective conductivity for the
uranium oxide powder tends to have lower velues for the greater void
fraction.



8 NACA RM ES54L10

The procedure used here for determination of the relative conduc=. .
tivity of a solid material is applicable for the determination of the
thermal conductivity of any solid material if its conductivity at any
one temperature has been established and knowledge of the effective con-
ductivity of the powder in several gases or gés mixtures 1is known for
the desired temperature range. Though the procedure followed here will
apply to any system, it should be remembered that figure 5 is unlque to.
this investigation.

SUMMARY OF BESULTS

From the investigation of the effective thermal conductivity of
uranivm oxlde powder in helium, argon, and nitrogen gases, and mixtures
of helium and argon, and xenon and krypton, the following results were
obtalned: - o AR - . -

1. For temperatures above. 500° F, the effective thermasl conductivity
of the uranium oxide powder in various gases was substantially independ-
ent of temperature. Lo . .

2. An increase Iin the thermel conductivity of the gas or the gas
nmixture increased the effective conductivity of the gas-powder mixture.

3. All the data on effective conductivity of the uranium oxide
powder in the various geses could be correlated into a single curve by
means of ‘the relation that the ratio of the effective conductivity to
the gas conductivity is & function of the ratio of the conductivity of
solid uranium oxide to the gas conductivity for a given percentage of
vold space in the compact.

Lewis Flight Propulsion Leboratary
Nationel Advisory Committee for Aeronsutics
Cleveland, Chio, December 10, 1954
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TABIE I. - PARTICLE SIZE OF POWDER
Mesh Sieve opening, Average amount Line number,a
Tyler sieve é12 s, of powder retained n
number in. onh sileve
8100 ¢,
percent
100 0.0059 0 1
150 0041 58.0 2
Through 325 |Assumed .000748 41.0 3

83ee ref. 1.
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Figure 2. - Refersoce plot for the thermal conductiviL.iesldf gasea.
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Figure 2. - Concluded. Reference plot for the thermal conductivities of gases,
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Pigure 3. - Experimeént&al thermal conductivitlies of uranium oxide powdér in varlous geses. w
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Figure 3. - Concluded. Experimental thermal conductivities of uranium oxide powder in various
gases. ' o




16

Y

Effective thermal conductivit
(Btu)(ft)/(hr)(sq £t)(OF)

NACA RM E54110

1.0
A Helium
O He/A, 1.857
O &EHe/A, .953
O EHe/a, .333
N Argon
.8
\\a\
6 . AN
\’\
.4
L]
0 .2 .4 .6 .8 1.0 A

1.0 .8 .6 4 2 0 BEHe. ..

Mole fractlion of component gases

Figure 4. - Effect of gas mixiure composition on éxpériméntél effective
thermal conducfivity using data at temperatures sbove 500° F where the
effective conductivities appear independent of temperature.
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(b) Relative thermal conductivity of solid uranium oxide from 200° to 1500° F.

Figure 5. - Concluded. Calculation of relative thermal conductivity of sclid uranium oxide.
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(a) From experiment data on various gases and gas mixtures for void fraction of 0.405.

Pigure 6. - Relation of conductivity of the gas, experimental effective conductivity,
and relative thermal conductivity of the solid for uranium oxide.
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Figure 6. - Concluded. Relation of conductivity of the gas, experimental
effective conductivity, and relative thermal conductivity of the solid

for uranium oxide.
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